A detailed chemical kinetic model is presented for silicon oxide clustering that leads to particle nucleation during low-pressure silane oxidation. Quantum Rice-Ramsperger-Kassel theory was applied to an existing high-pressure silane oxidation mechanism to obtain estimates for the pressure dependence of rate parameters. Four classes of clustering pathways were considered based on current knowledge of reaction kinetics and cluster properties in the Si-H-O system. The species conservation equations and a moment-type aerosol dynamics model were formulated for a batch reactor undergoing homogeneous nucleation and particle growth by surface reactions and coagulation. The chemical kinetics model was coupled to the aerosol dynamics model, and time-dependent zero-dimensional simulations were conducted. The effects of pressure and temperature were examined, and the main contributing processes to particle formation and growth were assessed, for conditions around 0.8 Torr, 773 K, and an initial oxygen-to-silane ratio of 15.
I. INTRODUCTION
Low-pressure chemical vapor deposition ͑LPCVD͒ of SiO 2 films from silane and oxygen is widely used in microelectronics fabrication. SiO 2 is used in electronic components because of its insulating properties and as a barrier to impurity diffusion. 1 During LPCVD film deposition rates are limited by the gas-phase nucleation of particles inside the reactor. Moreover, the generation of particles can be a significant source of product defects and yield loss. The critical diameter of ''killer particles,'' defined as one third to one half of the gate length, is projected to shrink below about 50 nm by 2003 , and below about 20 nm by 2012. 2 Homogeneous gas-phase nucleation can play a dominant role in generating these small particles. Fundamental understanding of particle nucleation, growth and transport is crucial not only to optimizing operating parameters but also to obtaining desired film properties.
Silane oxidation has been the subject of considerable study since the investigation of the explosive nature of silane and oxygen mixtures by Emeleus and Stewart. 3 While there are still many uncertainties in the reaction kinetics due to the complexity of Si-H-O chemistry, a growing body of work enables reasonable estimates of rate parameters. Based on previously reported mechanisms for silane oxidation and pyrolysis, Babushok et al. 4 recently proposed a relatively complete mechanism and made comparisons with experimental data on the critical conditions for chain ignition over a wide range of temperatures at atmospheric pressure. Meeks et al. 5 proposed a surface chemistry mechanism to simulate film growth by utilizing empirical calculations and data obtained from tetraethoxysilane ͑TEOS͒ CVD experiments. Based on this body of recent work it is now possible to obtain reasonable predictions of SiO 2 film growth rates under conditions typical of LPCVD.
In an experimental study on particle formation during LPCVD of SiO 2 films, Liehr and Cohen 6 identified powder formation or ''snow'' regions as a function of temperature and pressure in their multichamber reactor. They further deduced that the generation of SiOH x species from fast gasphase reactions can significantly degrade film quality. Based on their data we selected a base set of operating conditions that lies on the boundary between particle-free film growth and strong gas-phase nucleation: an initial oxygen-to-silane molar ratio of Rϭ15, pressure pϭ0.8 Torr ͑107 Pa͒ and temperature Tϭ773 K.
Recently Swihart and Girshick 7 presented a detailed kinetic mechanism for gas-phase nucleation of hydrogenated silicon particles for the relatively simpler problem of thermal decomposition of silane, in the absence of oxygen, and this mechanism was coupled to a moment-type aerosol dynamics model 8 to predict particle growth, coagulation and transport for conditions typical of CVD of amorphous silicon films. There have been several previous attempts [9] [10] [11] to model particle formation in the more complex Si-H-O system. These models simplified the treatment of nucleation either by employing a highly simplified global reaction set and/or by utilizing classical nucleation theory.
A few theoretical studies have been conducted regarding the thermochemistry of the smallest clusters in the silaneoxygen system. Kudo and Nagase 12 calculated heats of formation of SiH 2 O clusters up to the tetramer. Zachariah and Tsang 13, 14 applied ab initio molecular orbital theories in conjunction with reaction rate theory to obtain thermochemistry, energetics and kinetics for a number of Si x H y O z reactions and SiO clustering reactions up to the tetramer. More recently Nayak et al. 15 reported ab initio calculations of SiO 2 clusters containing up to six silicon atoms. a͒ Electronic mail: mrz@me.umn.edu
In this work we have developed a detailed mechanism for silicon oxide clustering leading to particle nucleation during silane oxidation. Thermochemical properties of silicon oxide clusters and their reaction parameters were estimated using data obtained from ab initio calculations together with statistical mechanical formulations. This clustering mechanism was coupled to a moment-type aerosol dynamics model. In Secs. II-IV we present details of the chemical kinetics model, conservation equations for a batch reactor, and an aerosol dynamics model. In Sec. V we present results of time-dependent simulations for a batch reactor.
II. CHEMICAL KINETICS
Our base gas-phase silane oxidation mechanism is based primarily on the work of Babushok et al., 4 which was developed to study self-ignition and flame propagation properties of silane combustion systems at atmospheric pressure. Babushok et al. compiled previously suggested mechanisms for silane oxidation and pyrolysis, and adjusted reaction parameters to take into account recent experimental and theoretical studies over a wide temperature range ͑300-2000 K͒. To complete the reaction pathways for intermediate species, we also included a number of reactions of Si x H y O z species proposed by Zachariah and Tsang. 
A. Quantum Rice-Ramsperger-Kassel theory
The Babushok et al. 4 and Zachariah and Tsang 14 rate parameters were determined for atmospheric-pressure conditions, while our primary interest lies in the 1 Torr regime. Because the role of highly reactive radicals such as H, OH and O in chain-branching steps is crucial to the Si-H-O system, careful treatment of the pressure dependence of rate parameters is necessary. We applied quantum RiceRamsperger-Kassel ͑QRRK͒ theory [16] [17] [18] to the base mechanism to evaluate the pressure dependence of 19 unimolecular reactions whose activation energies are known. 14 The major advantage of QRRK theory over the more sophisticated Rice-Ramsperger-Kassel-Marcus ͑RRKM͒ theory 19 is a substantial simplification of the input data required. In particular, a geometric mean vibrational frequency is used rather than all the vibrational frequencies for the decomposing reactant. This simplification predicts fall-off curves with reasonable accuracy in most situations as long as the rate constant kу10 Ϫ4 s Ϫ1 . 16, 20 A detailed description of the application of QRRK theory can be found in Ref. 16 . Implementation of QRRK theory requires geometric mean vibrational frequencies, high-pressure-limit preexponential factors, activation energies and Lennard-Jones transport properties. For the 19 unimolecular reactions considered, we assumed temperature-independent recombination rate coefficients to be 2ϫ10 13 cm 3 mol Ϫ1 s Ϫ1 following the generic rate coefficients of Dean.
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The high-pressure-limit preexponential factors in the reverse direction were then computed from the equilibrium constants and the known activation energies. The geometric mean vibrational frequencies and Lennard-Jones transport properties, including collision diameters, were estimated based on the results of ab initio calculations by Zachariah and Tsang. 14 Table I summarizes the rate parameters of the reactions at 1 atm and the correction factors, k/k 1 atm , at 0.8 Torr calculated using QRRK theory. 
B. Base gas-phase mechanism
Our base kinetic mechanism consists of 36 gas species undergoing 221 reactions. In an oxidizing environment thermal decomposition of silane is negligible, and silylene, which is the dominant reactive species formed under thermal conditions, is only a minor contributor. Silylene is formed by the reaction
where M denotes a third body. Instead direct interaction between silane and oxygen initiates the production of SiH 3 , which then reacts with oxygen to produce an activated compound, SiH 3 O 2 * , which then decomposes to produce three primary chain carriers, H, OH and O through reactions ͑3͒-͑7͒:
↔HSiOOHϩH. ͑7͒
These chain carriers in turn participate in the destruction of silane or in chain-terminating reactions. The competition between the branching and the terminating steps determines the explosion limits at a given temperature and pressure. Whereas silane pyrolysis leading to particle formation under nonoxidizing conditions is overall an endothermic process, silane oxidation to silica is extremely exothermic. The pyrophoricity of silane arises from the rapidity of the chainbranching steps, reactions ͑3͒-͑7͒, which have zero activation energy.
There exist large discrepancies in the reported activation energies for the reaction SiOϩO 2 ↔SiO 2 ϩO. Britten et al. 21 used a value of 6.5 kcal/mol, which is lower than the 15 kcal/mol heat of reaction that we used in this study. Babushok et al. 4 used 30 kcal/mol, while our ab initio calculations indicate that it could be as high as 61 kcal/mol. In the future more attention should be focused on this chainpropagating reaction, especially for low temperatures, where a lower activation energy would cause substantial production of atomic oxygen, which provides an additional chainbranching step. In addition, as this reaction opens a conversion route from SiO to SiO 2 , it plays an important role in particle surface growth and clustering reactions, discussed below. Figures 1 and 2 show results obtained with the gas-phase mechanism at the base operating condition. For these calculations we utilized the SENKIN software module, 22 which is one of the CHEMKIN family of codes designed for timedependent chemical kinetics calculations. Figure 1 shows the dominant reaction pathway based on an integration over 10 s of reaction time. As discussed above, SiH 3 lies at the core from which the reaction network propagates. The five chain reaction routes, reactions ͑3͒-͑7͒, dominate the chemistry, leading to the production of SiO and SiO 2 via several intermediate species. The silicon hydride network shown on the left half of the diagram indicates that, unlike what would be expected under nonoxidizing conditions, 23 silane does not directly create SiH 2 in this system. The formation of silicon hydrides with two or three silicon atoms through reactions with H, OH and O behaves like a radical scavenging process.
In Fig. 2 we plot the computed gas-phase species mole fractions as a function of time for those species with mole fractions greater than 1 ppm. We note that SiO, SiO 2 , SiH 2 O and HSiOOH are predicted to be the most abundant siliconcontaining products of silane decomposition. These four species were identified as the most probable nucleating species by Zachariah and Tsang in previous studies. 13, 14 
C. Chemical clustering mechanism
The kinetics of nucleation were modeled by a chemical clustering approach based on the detailed gas-phase chemistry. Considering the complexity inherent in the Si-H-O system, a mechanism that would include all possible species would be unrealistically large. Our approach is to assume that the species most likely to contribute the dominant frac- tion of the nucleating mass are those silicon-containing species that are produced in the highest concentrations.
Among the four most abundant species mentioned above, we considered, first, the reversible self-clustering of SiO and SiO 2 as expressed in reactions ͑8͒ and ͑9͒. Our choice of these two species is mostly attributable to the following reasons.
͑1͒ Figure 2 shows that SiO and SiO 2 are two of the most abundant silicon-containing species. ͑2͒ Ab initio data are available only for a limited number of these clusters. ͑3͒ As it is highly probable that polymerization and insertion during the self-clustering of SiO and SiO 2 clusters occur without a potential barrier, 13, 14 we can estimate the rate parameters of the clustering reactions,
for 1рnр9. Second, we included the contribution of SiH 2 O and HSiOOH and of their dimers through the two classes of irreversible reactions given in reactions ͑10͒ and ͑11͒. Based on the similarities of the ground-state molecular structures of the monomer and the dimer, comparing SiH 2 O to SiO and HSiOOH to SiO 2 , 14 the insertions of SiH 2 O and HSiOOH and of their dimers into SiO and SiO 2 clusters, respectively, were assumed to be barrierless. The following dehydrogenation reactions were thus assumed to occur and to be barrierless:
for 1рnр9 and mϭ1 or 2.
We did not consider the other clustering pathways such as the cross clustering between SiO and SiO 2 clusters since including all the possibilities will be neither practical nor helpful in gaining further accuracy and reliability of the model with the current understanding in this system. Moreover, the consideration of additional clustering pathways would not change the results significantly especially for the particle dynamics since we expect that the mass flux from gas clusters to particles will remain relatively unaffected so long as we have suitable pathways.
Clusters containing more than 10 silicon atoms, (SiO) 11 , (SiO 2 ) 11 , (SiO) 12 and (SiO 2 ) 12 , were assumed to form irreversibly, and the nucleation rate was obtained from the sum of their production rates.
Thermochemistry of silicon oxide clusters
Ab initio calculations for SiO clusters up to the tetramer were performed by Zachariah and Tsang, 13 while the corresponding results for SiO 2 clusters were reported by Nayak et al., 15 who also provided us with their unpublished vibrational frequencies, zero-point energies and moments of inertia. These data sets for ground-state clusters were used to compute enthalpies and entropies derived by standard statistical mechanics methods. 24 A linear least-squares fit on the smaller oxide clusters was used to provide extrapolated estimates of larger clusters containing up to 10 silicon atoms. The results were checked by comparing the calculated standard heats of formation of these clusters with the known values for the bulk condensed phase. Figure 3 shows that, although the sizes of clusters considered are very small, the standard heats of formation per molecular unit for SiO and SiO 2 clusters asymptotically approach the values of their condensed phases, 85 and 145 kcal/mol, respectively.
The thermochemical properties of SiO and SiO 2 clusters were expressed in terms of polynomial fitting coefficients in the standard NASA format used in the CHEMKIN family of codes. 25 The fitting coefficients are presented in the Appendix.
Rate parameters
To estimate the pressure-dependent rate constants of the four classes of clustering steps, reactions ͑8͒-͑11͒, we followed the same procedure described above, i.e., the use of generic recombination rate constants and QRRK theory.
We used temperature-independent high-pressure-limit recombination rate constants of 2ϫ10 13 14 we assumed the activation energies of the dissociation reactions to be temperature independent and equal to the corresponding heats of reaction at 773 K. The high-pressure-limit pre-exponential factors were then obtained from the equilibrium constants and the activation energies. The other input parameters to QRRK theory, including vibrational frequencies and collision diameters, were estimated based on the work of Zachariah and Tsang 14 and of Nayak et al. 15 for SiO and SiO 2 clusters, respectively. The same pressure dependence of self-clustering reactions ͑8͒ and ͑9͒ was used for SiH 2 O and HSiOOH insertion reactions ͑10͒ and ͑11͒, respectively. The resulting rate parameters at 0.8 Torr are summarized in Table II .
D. Surface growth mechanism
Single-particle growth occurs by heterogeneous chemistry on particle surfaces. We adopted as our base surface mechanism the neutral chemistry portion of the surface reaction mechanism developed by Meeks et al. 5 to simulate film growth rates during low-pressure high-density plasma CVD of SiO 2 from silane, oxygen and argon gas mixtures. They estimated thermochemical data for surface species based on empirical methods using their results for the TEOS system, and obtained quantitative agreement between their calculated film growth rates and their experimental results. Thirteen different surface species were defined, participating in 59 reactions. Eight gas-phase species were allowed to interact with surface sites to form bulk silicon dioxide. This base mechanism was extended to include the deposition of clusters from the gas phase. SiO and SiO 2 clusters were assumed to deposit on particle surfaces to form bulk material with a sticking probability of unity. We assumed that the resulting surface mechanism is appropriate for describing the particle growth process, although the Meeks et al. mechanism was developed to model film growth on a flat substrate. We employed the formalism of the Surface Chemkin software 26 to implement the heterogeneous kinetics.
III. SPECIES CONSERVATION FOR A BATCH REACTOR WITH GAS-TO-PARTICLE CONVERSION

A. Zero-dimensional model: Batch reactor
We here adopt a zero-dimensional formulation, which is appropriate for systems whose behavior is dominated by chemical kinetics rather than by flow. The major advantage of such an approach is a large enhancement in computational efficiency, while still obtaining important insights into the system behavior. However it should be noted that, even where convective flow effects are negligible, actual reactors may have nonuniform temperature fields and other inhomogeneities, and that diffusion and particle thermophoresis can be important phenomena, especially at low pressures.
The mass conservation equation for each gas species was formulated for a batch reactor where particle formation occurs. The change of mass of the kth species can be expressed as
where ẇ k g , ẇ k n and ṡ k are the production rates of the kth gas species due to gas reaction, nucleation and surface reactions, respectively. W k and m k are, respectively, molecular weight and mass of the kth species. A is the area on which surface reactions can take place. V is the total volume of the gas. K g is the total number of gas species.
The three terms on the right-hand side account for mass gain or loss of the kth species due to gas-phase reactions, particle nucleation and particle surface growth, respectively. After dividing Eq. ͑12͒ by mϭV, the total gas mass and applying the chain rule, we obtain
where Y k is the mass fraction of the kth species. The total mass change of gas species due to particle surface reaction and nucleation can be written as
Substituting Eq. ͑14͒ into Eq. ͑13͒, we obtain the equation of species mass continuity:
To determine the particle surface-to-volume ratio, one needs to solve the aerosol general dynamic equation ͑GDE͒ together with Eq. ͑15͒. The average mass density, , can be obtained from the ideal gas law,
where W is the mean molecular weight of the gas mixture and R is the universal gas constant.
B. Surface species conservation
The concentration ͑or, equivalently, site fraction͒ of surface species needs to be calculated to obtain the species production rates, which are then used to predict rates of particle growth by surface reactions. The procedure corresponds to that of the gas-species mass conservation equation derived earlier.
Following the derivation presented by Coltrin et al., 26 the change of moles of the kth surface species with time can be written as
where N k , the number of moles of the kth surface species, can be expressed in terms of site fraction, Z k , site density, ⌫, and the number of sites that the kth species occupies, ⌺ k :
Substituting Eq. ͑18͒ into Eq. ͑17͒ and simplifying yields the surface species conservation equation in the form
Assuming that the total number of surface sites is conserved, the second term on the right-hand side drops out to yield
IV. AEROSOL DYNAMICS
To solve the aerosol GDE, which is a partial integrodifferential equation, the particle size distribution function must be represented in some mathematical form. Several approaches have been proposed to model the distribution func-tion, including discrete, spline, sectional, discrete sectional and moment. The moment approach is one of the most computationally efficient methods, and is well suited for problems in which extensive chemical reactions are involved. 27 In the moment method one solves for only the first few moments of the particle size distribution function, which is usually assumed to follow the general form of a lognormal function. These first few moments are directly related to the quantities that are usually of most interest, such as the total particle concentration, the mean particle size and the width of the size distribution.
A. Moment model for a batch reactor
The kth moment of the particle size distribution is defined by M k ϭ͐ 0 ϱ v p k n(v p ,t)dv p , where v p is particle volume and n(v p ,t) is the particle size distribution function. Following the approach of Pratsinis and Kim, 28 the time evolution of the kth moment can be obtained by multiplying both sides of the aerosol GDE by v p and by integrating over the particle size range. The result can be written
Expressions for each term on the right-hand side of Eq. ͑21͒ were obtained based on the detailed derivations of Chiu 29 and of Nijhawan. 30 The first term accounts for the contribution from particle coagulation. For the pressure regime of interest particles are much smaller than the mean free path for collisions in the gas. Thus, free molecule regime expressions were used for the coagulation term. To obtain an analytical form for the coagulation term in the free molecule regime, Lee The final form of the first three coagulation terms is obtained as
where A 1 is a size-independent variable defined as A 1 ϭ(3/4)
, k B is the Boltzmann constant and p is particle mass density.
The second term on the right-hand side of Eq. ͑21͒, representing particle growth due to surface reactions, can be expressed as
where ϭG•v p Ϫ2/3 is independent of particle size, and G is the particle volume growth rate, given by
The homogeneous nucleation term in Eq. ͑21͒ can be written as
where ␦ is the Kronecker delta function and J(v p *) is the nucleation rate, which we take to equal the production rate of silicon oxide clusters containing 11 or 12 silicon atoms, calculated from the chemical kinetics model. The noninteger moments appearing in the above equations can be expressed in terms of the first three integer moments, M 0 , M 1 and M 2 , by assuming a lognormal size distribution function of the general form
where N is the total particle concentration. The geometric mean particle volume, v g , and the geometric standard deviation, g , can also be expressed in terms of the first three moments by
and
͑31͒
Finally, the kth moment is related to v g , g and M 0 by
One thus needs to solve only for the first three moments of Eq. ͑21͒, i.e., kϭ0, 1 and 2, to obtain the value of any arbitrary moment.
In spite of the advantage of moment methods in terms of computational efficiency, it should be noted that the moment equations can potentially cause numerical instabilities, due to the large difference in the relative magnitudes of the moments: M 0 :M 1 :M 2 Ϸ1 cm Ϫ3 :10 Ϫ15 cm 3 cm
Ϫ3
:10 Ϫ30 cm 3 for a 0.1 m diam particle. Therefore the use of a normalization of the following form is useful:
where v 1 is the volume of nuclei and is gas mass density.
B. Coagulation enhancement by van der Waals forces
Most models of particle coagulation neglect the effect of interparticle van der Waals forces. However the effect can be significant, 32, 33 and we have accounted for it in the present work. Marlow 33 showed that, for water droplets in the free molecule regime, the enhancement in collision rates could range from a factor of 1.01-2.44 depending on the size of the two colliding droplets and the Knudsen number.
In the free molecule regime, the particle flux including the effect of an interaction potential can be written as
where ⌿ 12 and ⌽ 12 are, respectively, the correction factor and the flux between particles of radii r 1 and r 2 in the absence of an interaction potential. Marlow's expression 33 is used for the correction factor, ⌿ 12 , which is a function of the radii of the two particles, temperature and the interaction potential for which we adopted Hamaker's formula. 32 A value of 1.8ϫ10 Ϫ12 erg was assumed for the Hamaker constant based on Hamaker's estimate for SiO 2 particles.
Our numerical integration revealed that the correction factor, ⌿ 12 , is a rather insensitive function of the radii of the two collision partners for the conditions of interest. At 773 K, the correction factor, ⌿ 12 , was calculated to vary slightly from 2.6 to 2.8 for particle radii ranging from 0.5 to 100 nm. The calculated values of ⌿ 12 were affected by temperature, ranging from 3.4 to 2.4 as temperatures ranged from 293 to 1273 K. We assumed ⌿ 12 to be radii independent for simplicity of calculation, and obtained a fitting formula in terms of temperature. This correction factor was incorporated into the coagulation terms in Eqs. ͑22͒ and ͑23͒.
V. RESULTS
The chemical kinetics model coupled to the aerosol dynamics model described above was used to simulate particle nucleation, growth and coagulation during the low-pressure CVD of SiO 2 from silane and oxygen. We conducted zerodimensional time-dependent calculations in a batch reactor at fixed temperature and pressure. The set of governing equations, Eqs. ͑15͒, ͑20͒ and ͑21͒, must be solved simultaneously because of the cross-coupling terms. We used the differential algebraic sensitivity analysis code ͑DASAC͒, a time-dependent algebraic/differential equation solver with the capability of parametric sensitivity analysis. 34 Chemical source terms were evaluated by utilizing the CHEMKIN family of codes. 25 A typical run for a time integration of 10 s required 2 CPU minutes on an SGI Origin 2000 supercomputer. Figure 4 shows results of these simulations for base case conditions. The production rates of the species with more than 10 silicon atoms, which were assumed to form irreversibly, were summed to give the nucleation rate curve labeled J in Fig. 4͑a͒ . J increases very rapidly as the radicals are produced in sufficient concentration to initiate the chain branching reactions at 0.01 s, and peaks at 0.02 s. This initial sharp rise is due to (SiO 2 ͒ 9 ϩ͑HSiOOH) 2 →particle. However, (SiO͒ 10 ϩSiO→particle dominates the subsequent period of nucleation, from 0.03 s until the growth species are completely consumed at 0.5 s. The total concentration of particles, labeled N, closely follows the sharp increase in the nucleation rate, and then declines due to coagulation. Using the calculated standard deviations of the size distribution function, we also determined the concentration of particles with diameters larger than 50 nm, roughly indicative of a critical particle size that within the next few years is predicted to pose a serious contamination problem in semiconductor manufacturing. 2 This filtered concentration, labeled N*, remains low in the initial stage, where nucleation produces a large number of very small particles, while it approaches the total concentration after 1 s, by which time most of the small particles have undergone coagulation. The particle volume fraction curve is labeled V, which increases   FIG. 4 . Predictions of the aerosol dynamics model coupled to the chemical kinetic mechanism at 0.8 Torr, 773 K and Rϭ15 in a batch reactor: ͑a͒ nucleation rate, J, total particle concentration, N, concentration of particles larger than 50 nm, N*, and particle volume fraction, V; ͑b͒ particle surface growth rate, Gp, and median diameter, Dp. during the nucleation process and then levels off in the absence of nucleation and surface growth. Since the major gas species contributing to particle surface growth are the two clustering species, SiO and SiO 2 , the particle volume fraction barely increases after 0.5 s, because these species have been consumed during the nucleation process. Figure 4͑b͒ shows the particle surface growth rate curve, labeled Gp, and the particle median diameter curve, labeled Dp. Among the gas species, the two clustering species SiO and SiO 2 are predicted to make the largest contributions to particle surface growth, primarily because these highconcentration species are assigned unity sticking probabilities on the particle surface. It is seen that the particle surface growth rate begins to increase as the concentrations of the two growth species build up at around 0.01 s, and reaches a maximum value of 36 nm s Ϫ1 at 0.02 s. The decrease of the particle surface growth rate after 0.02 s is due to the depletion of the two growth species both by clustering and by surface growth itself. Figure 4͑b͒ reveals a clear division in the particle growth process. During the initial surfacereaction-controlled region, where more surface area is available, the two growth species, SiO and SiO 2 , take an active part in surface reactions. After they are consumed, via either surface reactions or clustering, particle coagulation becomes the only process affecting the particle size and concentration. No new particles are generated, and the median particle size increases rapidly. Figure 5 shows the predicted effects of surface growth and coagulation. To account for their individual contributions, we disabled each of these processes in turn. Nucleation rates are shown in Fig. 5͑a͒ . When surface growth is disabled, more of the growth species are available for clustering, allowing nucleation to persist for a longer time. On the other hand, when coagulation is disabled, more surface area is available for heterogeneous reactions to take place, depleting the species responsible for clustering and thus leading to an earlier cessation of nucleation. Figure 5͑b͒ indicates that coagulation has a large effect on the total concentration of particles, while surface growth has a much smaller effect. After nucleation ceases, the particle concentration remains constant in the case in which coagulation is disabled. The effect of surface growth on particle volume fraction is clearly seen in Fig. 5͑c͒ . When surface growth is turned off, the growth species have no route to react on the particle surface, and instead participate only in clustering. The net result is an increase in cluster concentrations in the gas phase and a de-FIG. 5. Effects of particle surface growth, coagulation and van der Waals force: ͑a͒ nucleation rates; ͑b͒ total particle concentrations; ͑c͒ particle volume fractions; ͑d͒ particle median diameters. crease in particle volume fraction. In the base surface mechanism used in this study, a unity sticking probability is assigned for SiO and SiO 2 , whereas the other major gas species including HSiOOH and SiH 2 O are assumed to be unreactive on a surface. 5 It should be admitted that the assumed surface reactivities of the gas species, which usually involve greater uncertainty compared to gas kinetics, can strongly affect the calculated particle growth. Particle median diameters are compared in Fig. 5͑d͒ . When surface growth is disabled, we do not observe as great an increase of the median diameter in the initial stage compared to in the base case. It is also worth noting that particle size barely increases in the absence of coagulation.
In Fig. 6 we examine the effect of varying the pressure from 0.2 to 0.8 Torr. The peaks in the particle concentration curves scale linearly on the pressure-1.2ϫ10 11 , 2.3ϫ10 11 and 4.7ϫ10 11 cm Ϫ3 , respectively, for 0.2, 0.4 and 0.8 Torr. Pressure also affects the time for the onset of nucleation, resulting from a change in species partial pressure. The time at which the particle concentration peaks scales inversely with pressure-0.075, 0.038 and 0.019 s for 0.2, 0.4 and 0.8 Torr, respectively. All of the particle concentration curves in Fig. 6͑a͒ are observed to peak and then to reach similar values past 2 s. This asymptotic behavior is explained by selfpreserving size distribution theory, 35 which predicts that, for an aerosol undergoing Brownian coagulation in the free molecule regime, Nϰt Ϫ6/5 and is independent of the initial particle concentration. Although the particle concentration is predicted to reach approximately the same value after about 2 or 3 s regardless of pressure, pressure does strongly affect the particle size and aerosol volume fraction, as seen in Fig.  6͑b͒ . The aerosol volume fraction after about 1 s is seen to scale directly on the pressure, i.e., on the initial silane concentration. Smaller particles are produced at lower pressures at any given time, which is a consequence of the strong effect of particle concentration on coagulation rates. Figure 7 shows the effect of varying the temperature from 573 to 773 K. At 573 K, as seen in Fig. 7͑a͒ , the particle concentration at 10 s remains higher than in the other cases shown by two orders of magnitude. This result is attribut- FIG. 6 . Effect of pressure on particle dynamics at 773 K and Rϭ15: ͑a͒ particle total concentrations and filtered concentrations; ͑b͒ particle volume fractions and median diameters.
FIG. 7. Effect of temperature on particle dynamics at 0.8 Torr and Rϭ15: ͑a͒ total particle concentrations and filtered concentrations; ͑b͒ particle volume fractions and median diameters. able, in large part, to the chain-propagating reaction, SiOϩO 2 →SiO 2 ϩO. At low temperatures, this route becomes practically shut off and more SiO becomes available for clustering reactions. As a result, nucleation persists for a longer time, keeping the median diameter of particles below 15 nm. Particle volume fractions are predicted to be slightly larger at lower temperatures, since the extended nucleation time at a lower temperature allows more surface area for particle growth. It is also interesting to note in Figs. 4-7 that the leveling off of the volume fraction curves coincides with an inflection point in the median diameter curves. This is consistent with the explanation made above of the two growth regimes, surface reaction controlled and coagulation controlled.
VI. SUMMARY
A detailed kinetic model has been developed for silicon oxide clustering that leads to particle nucleation during lowpressure silane oxidation. QRRK theory was applied to an existing silane oxidation mechanism to estimate the pressure dependence of a number of unimolecular reactions. Four classes of clustering pathways were considered based on current knowledge of reaction kinetics and cluster properties. The species conservation equations and a moment-type aerosol dynamics model were formulated for a batch reactor undergoing particle nucleation, surface growth and coagulation. The chemical kinetics model was coupled to the moment model to predict particle dynamics. Time-dependent zerodimensional simulations were conducted to assess the effects of the contributing processes, and of temperature and pressure.
The dominant reactions that formed ''particles'' in our mechanism were found to be (SiO 2 ͒ 9 ϩ͑HSiOOH) 2 →particle and (SiO͒ 10 ϩSiO→particle. SiO and SiO 2 are also predicted to play an important role in particle surface growth. The particle growth process is characterized by two distinct regimes: an initial surface-reaction-controlled regime where the particle volume fraction increases due to nucleation and surface reactions, and a subsequent coagulationcontrolled regime where coagulation leads to a rapid increase in particle size and therefore to a gradual decrease in particle concentration. Pressure affects the nucleation process mainly through a change in precursor partial pressures, whereas temperature affects nucleation through changes in reaction rate constants.
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APPENDIX: ESTIMATED CLUSTER THERMOCHEMICAL PROPERTIES
